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ABSTRACT 

We present multi- wavelength observations of the afterglow of the short GRB 111117 A, and follow-up ob- 
servations of its host galaxy. From rapid optical and radio observations we place limits of r > 25.5 mag at 
St ~ 0.55 d and iv(5.8GHz) < 18 /iJy at St « 0.50 d, respectively. However, using a Chandra observation at 
St & 3.0 d we locate the absolute position of the X-ray afterglow to an accuracy of 0.22" (la), a factor of about 
6 times better than the Swift/XKT position. This allows us to robustly identify the host galaxy and to locate the 
burst at a projected offset of 1.25 ± 0.20" from the host centroid. Using optical and near-IR observations of 
the host galaxy we determine a photometric redshift of z = 1-3^q*|, one of the highest for any short GRB, and 
leading to a projected physical offset for the burst of 10.5 ±1.7 kpc, typical of previous short GRBs. At this 
redshift, the isotropic 7-ray energy is £ 7 ,i S o ~3.0x 10 51 erg (rest- frame 23 - 2300 keV) with a peak energy of 
£p k « 850-2300 keV (rest-frame). In conjunction with the isotropic X-ray energy, GRB 111117A appears to 
follow our recently-reported £ x? i SO -£ 7 ,i S o-£pk universal scaling. Using the X-ray data along with the optical and 
radio non-detections we find that for a blastwave kinetic energy of ^K,iso ~ £7^0 erg, the circumburst density 
is no « 3 x 10~ 4 - 1 cm -3 (for a range of e# = 0.001-0.1). Similarly, from the non-detection of a break in the 
X-ray light curve at St < 3 d, we infer a minimum opening angle for the outflow of Oj > 3 - 10° (depending on 
the circumburst density). We conclude that Chandra observations of short GRBs are effective at determining 
precise positions and robust host galaxy associations in the absence of optical and radio detections. 

Subject headings: gamma rays: bursts 



1. INTRODUCTION 

Precise localizations of short-duration gamma-ray bursts 
(GRB) are critical for studies of their explosion properties, en- 
vironments, and progenitors. In particular, such localizations 
can provide secure associations with host galaxies, and hence 
redshift and off s et mea surements (e.g., Ber ger et all 2007; 
iFong et ani2010t IBerger 2011). To date, most sub-arcsecond 
positions for short GR Bs have relied on t he detection of op- 
tical afterglows (e.g. IBerger et al.l l200l iHjorth et al.l 120051: 
Soderber g et al.ll2006|) . However, X-ray emission is detected 
from a larger fraction of short bursts, and therefore observa- 
tions with the Chandra X-ray Observatory can equally pro- 
vide precise positions even in the absence of optical de- 
tections. Indeed, Chandra detections have been previously 
made for s hort GRBs 050709, 050724, 05 1221 A, 080503, and 
1 1 1020A (Fox et al. 2005; Berger et al. 2005; Burrows et al. 
120061: iGrupe et al. 2006; Soder berg et~aTl 120061: iPerlev et al.l 
120091: IFong etal.l 120121) . but only in the latter case Chan- 
dra p rovided the sole route to a precise position (Fon g et ail 
120121) . In the other 4 cases, the afterglow was also detected 
in the opt ical, as well as in the radio for GRBs 05 0724 and 
051221A (IBerger et al.ll200llSoderberg et al.ll2006b . 

The advantage of precise X-ray positions is that the X-ray 
flux is potentially independent of the circumburst density if 
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the synchrotron cooling frequency is located redward of the 
X-ray band. Thus, X-ray detections can in principle reduce 
any bias for small offsets that may arise from optica l detec- 
tions, which do depend on the density (although, see Berger 
l2010l for short GRBs with optical afterglows and evidence for 
large offsets of ~ 50- 100 kpc). 

Here, we present a Chandra detection of the X-ray after- 
glow of short GRB 111117 A at St « 3 d, which leads to a 
robust association with a galaxy at a photometric redshift of 
z ~ 1.3 and to a precise offset measurement. Among short 
GRBs, only GRBs 050724 and 05 1221 A were detected at 
later times in X-rays. Using the Chandra and Swift/XRT data 
we study the properties of the X-ray afterglow in the context 
of the short GRB sample, and in conjunction with deep opti- 
cal and radio upper limits we place constraints on the circum- 
burst density. Similarly, optical/near-IR observations of the 
host allow us to determine its physical properties (star forma- 
tion rate, stellar mass, stellar population age). 

Throughout the paper we use the convention F v (y,i) ex 
v$ t a , where the spectral energy index is related to the spec- 
tral photon index by T = 1-/3. All uncertainties are quoted 
at 68% confidence level, unless otherwise noted. Magnitudes 
are reported in the AB system and have been c orrected for 
Galactic extinction (Schlafly & Finkbeiner 2011). Finally, we 
use the standard cosmological parameters: Hq = 71 km s -1 
Mpc" 1 , ^ A = 0.73, and ^ M = 0.27. 

2. OBSERVATIONS AND ANALYSIS 

G RB 111117A wa s dete cted on 2011 November 17.510 
UT dMangano et all 1201 ll) b y the Burst Alert Telescope 
(BAT; iBa rthelmv et al.l 120051) on-board the Swift satellite 
( Gehrels et al. 2004)), with a ground-calculate d positional ac- 
curacy of 1.7' radius (90% containment; Sakamot o et al.l 
1201 la)) . The burst was also detected by the Fermi Gamma- 
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Fig. 1. — Swift/BAT mask weighted light-curve in different energy bands 
(binning time of 64 ms). The typical lcr error-bar is shown in each panel. 

Ray Burst Mon itor (GBM) in the energy range 10-1000 keV 
(IFolev & Jenkdl25Tlh . 

Follow-up obser vations with the X-ray Telescope (XRT; 
iBurrows et al.l 120051) commenced at St ~ 80 s and re- 
sulted in the detection of a fading X-ray source located at 
RA=00 h 50 m 46.22 s and Dec=+23°00'39.2" (J 2000), with an 
uncertainty of 2.1" radius (90% containment; Melandri et al. 
|20Ub|).GRB 1 1 1 1 17A is therefore part of the handful of short 
GRBs promptly re-pointed by Swift/XRT and with broad band 
spectral coverage during t he prompt emissio n. The UV- 
Optical Telescope (UVOT; Rom ing et al.l l2005) began obser- 
vations of the field at St ~ 137 s but no corresponding source 
was found within the XRT position to limits of > 19.5-21.5 
mag in the first 1300 s (lOates & Manganoll2011l) . 

Ground-based optical observations commence d at St 
2 hr with a non-detection at R w 22.2 mag (Zha o et aT] 
120111) , and eventually led to the detection of an ex- 
tended source with r « 24 mag, id entified as the poten- 
tial host galaxy of GRB 111117 A (I Andersen et al.l 1 20 1 1 ; 
jFong etalJfeoilH Cenko & Cucchiaral 1201 U ISchmidl et al.l 
1201 UlMelandri et alJI201 laK ! 

Finally, a Chandra observatio n at St ~ 3.0 d led to the de- 
tection of the X-ray afterglow (Saka moto et al.ll201 lbl) . and a 
refined analysis relative to our optical images from the Magel- 
lan 6.5-m telescope provided a correction to the native Chan- 
dra astrometry and an initia l offset from the host galaxy of 
about \" (Ber ger et~aill201 ll) . The analysis presented here su- 
percedes the Chan dra position quoted in the GCN circulars 
(iBerger etafll2011l) . 

2.1. j-ray Observations 



We processed the Swift/BKT data with the latest version of 
the HEASOFT package (v6.1 1), using the bat grbproduct 
script to generate event lists and quality maps for the 64 
ms mask- weighted and background- subtracted light curves 
(Figure Q]). T h e grou nd-refined coordinates provided by 
Sakamot o et al.l (1201 lal) were adopted, and standard filter- 
ing and screening criteria were applied. We also used the 
mask- weighting procedure to produce weighted, background- 
subtracted spectra. 

We find that the 7-ray emission consists of two pulses with 
a total duration of T 90 = 0.47 ± 0.05 s (15-350 keV; Fig- 
ure [B, classifying GRB 111117A as a short burst. The spec- 
tral time-lag between the 100-350 and 25 -50 keV bands 
is (0. 6 ± 2.4) ms, typical of short GRBs (iSakamoto et al.l 
1201 lal) . The time-averaged spectrum in the 15-150 keV 
range is best fit by a single power-law model with a hard 
power-law index, T 7 = 0.59 ±0.14. The 7-ray fluence de- 
rived from this spectrum is F 1 = (1 .3 ± 0.2) x 10~ 7 erg cm -2 in 
th e 15 - 150 keV band, i n agree ment with the values re ported 
bv lSakamoto et al.l (1201 lal) and lMangano et all (1201 lbl) . 

The Fermi/GBM spectrum in the energy range 10- 1000 
keV is best fit by a po wer-law with an exp onential cut-off, 
with T 7 = 0.69 ±0.16 (IFolev & Jenkdl2011l) : this is consis- 
tent with the BAT spectrum. The peak energy is > 370 
keV, while the observed exponential cut-off indicates that 
£ pk < 1 MeV. The 10- 1000 keV band fluence derived from 
this s pectrum is 7% = (6.7 ± 0.2) x 10~ 7 erg cm -2 . We re- 
fer to ISakamoto et al.l (120121) for a detailed analysis of the 
Fermi/GBM data. 

2.2. X-ray Observations 

We analyzed the data using HEASOFT (v6.11) with stan- 
dard filtering and screening criteria, and generated the 0.3- 
10 keV count - rate l ight curve following the procedures in 
Margutti et al. ( 2012). Our re-binning scheme ensures a mini- 
mum signal-to-noise ratio S/N = 3 for each temporal bin. The 
low count statistics of the Windowed Timing (WT) observa- 
tions do not allow us to constrain the spectral parameters dur- 
ing the interval St ^ 80-87 s. We model the time-averaged 
spectrum in the interval 87 s to 40 ks (total exposure of about 
9 ks in the Photon Counting mod^J) with an absorbed power- 
law model (tbabs*ztbabs*pow within Xspec) with a best- fit 
spectral photon index of T x = 2.0 ± 0.2 and an intrinsic neu- 
tral hydrogen column density of Nu,mt = (6.7 ± 3.0) x 10 21 
cm -2 (C-stat = 98 for 152 d.o.f.) in excess to the Galac- 
tic co lumn density, A^mw = 3.1 x 10 20 cm -2 (Kalberla et al. 
120051) ; w e ado pt the best-fit photometric redshift of z = 1 .3 de- 
rived in 33.11 From the best-fit spectrum we derive an unab- 
sorbed count-to-flux conversion factor of 6.5 x 10 -11 erg cm -2 
counts -1 (0.3-10 keV). Uncertainties arising from the flux cal- 
ibration procedure have been propagated into the individual 
error-bars. 

We analyzed the public Chandra data (PI: Sakamoto) with 
the CI AO software package (v4.3), using the calibration 
database CALDB v4.4.2, and applying standard ACIS data 
filtering. Using wavdetect we detect a source at 3.4<r sig- 
nificance at a position consistent with the XRT afterglow, with 
a net count-rate of (3.3 ± 1.3) x 10" 4 counts s" 1 (0.5 - 8 keV; 
total exposure time of 19.8 ks). Assuming the spectral param- 
eters from the XRT analysis, this translates to an unabsorbed 
flux of (3.5 ± 1.4) x 10~ 15 erg s~ l cm" 2 (0.3 - 10 keV). 

6 See lHill et al.1 OOOl) for Swift/XRT observing modes. 
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Fig. 2. — Gemini-South r-band observations of GRB 111117A at St ~ 0.55 d (left) and w 2.54 d (middle). Digital image subtraction of the two observations 
(right) reveals no fading source coincident with the Chandra position (circle) or the host galaxy. We note that the apparent emission south-east of the Chandra 
position in the first epoch is a cosmic-ray (CR). 



The X-ray light curve (Figure [6} exhibits an overall single 
power-law decay, with an apparent flare at St « 150 s (« 3a 
confidence level). The best-fit power-law index at St > 300 s 
-1.21 ±0.05 (x 2 = 7.6 for 11 d.o.f.fl. 



is a x 



2.3. Optical Afterglow Limits 



We obtained deep r-band observatio ns with the Gem- 
ini Multi-Object Spectrograph (GMOS; iHook et al.1 12004 
mounted on the Gemini-South 8-m telescope on 201 1 Novem- 
ber 18.06 and 20.05 UT, with total exposure times of 1800 s 
and 2880 s, respectively. We processed the data using the 
gemini package in IRAI0, and calibrated the photometry 
with several ne arby point sources from the Sloan Digital Sky 
Survey (SDSSi lAbazajian et al.ll2009l) . We further performed 
digital image subtraction of the two epochs using the High Or- 
der Transformation and Point Spread Function and Template 
Subtraction (HOTPANTSEJ), but no fading source is detected 
within the XRT error circle, or in coincidence with the puta- 
tive host galaxy to r > 25.5 mag (3 a) at St « 0.55 d (Figure©. 
We note that this is the deepest limit to date on the early op- 
tical e mission from a short GRB (Bergei] 120101; iFong et ail 
1201 lal) . with the exception of GRB 080503 wh ich was even- 
tually detected at St > 1 d dPerlev et al.l 12009b . Indeed, the 
median optical afterglow brightness for detected short GRB s 
on a similar ti mescale is r ^ 23.5 mag, a facto r of at least 6 
times brighter (lBergerll201Q[ IFong et al.lfcOllal) . 

2.4. X-ray/Optical Differential Astrometry 

In the absence of an optical afterglow we use the Chandra 
observation to refine the Swift/XKT position to sub-arcsecond 
accuracy. We perform differential astrometry between the 
Chandra data and a Gemini-North /-band observation ( 32.51) 
to determine the relative positions of the afterglow and host 
galaxy, as well as to refine the native Chandra astrometry. 
We use SExtractorQ to determine the positions and cen- 

8 The power-law index is obtained by minimizing the integral of the model 
over the effective duration of each temporal bin of the light-curve. This pro- 
cedure is of primary importance in the case of bins with long duration and 
produces more accurate results than the standard x 2 procedure, which com- 
pares the model and the data at the nominal bin time, but does not consider 
the finite bin duration and the evolution of the model during the time interval. 

9 IRAF is distributed by the National Optical Astronomy Observatory, 
which is operated by the Association for Research in Astronomy, Inc., un- 
der cooperative agreement with the National Science Foundation. 

1 1 http://www.astro.washington.edu/users/becker/hotpants.html. 
13 http://sextractor.sourceforge.net/ 
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Fig. 3. — Gemini/GMOS /-band image of a 15" x 15" field centered on the 
Chandra position of the X-ray afterglow of GRB 1 1 1 1 17A (solid circle; 90% 
confidence region). Also shown is the Swift/XKT position (dashed circle; 
90% confidence region). The host galaxy is clearly detected with an offset of 
about 1.25" from the Chandra position. 

troid uncertainties of sources in the GMOS image. Perform- 
ing an absolute astrometric tie to the Sloan Digital Sky Sur- 
vey (SDSS) catalog using 71 common point sources, we find 
a resulting rms value of ogmos-sdss = 0.13" (0.09" in each 
coordinate). 

To refine the native Chandra astrometry and to determine 
the location of the X-ray afterglow relative to the GMOS im- 
age, we perform differential astrometry. We use the CI AO 
routine wavdetect to obtain positions and la centroid un- 
certainties of X-ray sources in the field, including the after- 
glow of GRB 111117A, with a resulting cr x , a g = 0.13". We 
calculate an astrometric tie based on two X-ray and opti- 
cally bright common sources and find weighted mean offsets 
of SRA = -0.18 ±0.03" and £Dec = -0.02 ±0.11" giving a 
tie uncertainty of ctcxo-gmos = 0.12". Applying the astro- 
metric solution we obtain a Chandra afterglow position of 

15 There are two additional fainter common sources, which lead to in- 
creased scatter in the astrometric tie without changing the absolute value, and 
we therefore use only the two bright sources. 
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RA=00 h 50 m 46.283 s and Dec=+23°00'39.64"; see Figure [3] 
The total la uncertainty in the absolute position is 0.22", 
accounting for the SDSS-GMOS astrometric tie, GMOS- 
Chandra tie, and the X-ray afterglow positional uncertainty. 
The Chandra position is consistent with the XRT position, 
but refines its uncertainty by about a factor of 6. We note that 
the relative position of the X-ray afterglow in the GMOS as- 
trometric frame is 0.18" (GMOS-Chandra tie and afterglow 
positional uncertainty only). 

2.5. Host Galaxy Optical/Near-IR Observations 

We obtained optical observations in the griz bands, and 
near-IR observations in JK S bands to determine the proper- 
ties of the host galaxy. The details of the observations are 
summarized in Table Q] The #-band ob servation was per- 
formed with GROND (iGreiner et al. 2008) mounted at the 2.2 
m MPG/ESO telescope at La Silla Observatory (Chile). The 
r-band observation was obtained with the Inamori-Magellan 
Areal Camera and Spectrograph (IMACS) on the Magel- 
lan/Baade 6.5-m telescope, while the iz band observations 
were performed with GMOS mounted on the Gemini-North 
8-m telescope. Finally, the /A^-band observations were ob- 
tained with the FourStar wide-field near-IR camera on the 
Magellan/Baade telescope. The GMOS data were reduced us- 
ing the gemini package in IRAF, the IMACS and GROND 
data were reduced using standard packages in IRAF, and the 
FourStar data were reduced using a custom pipeline in python. 

We identify a galaxy near the Chandra position, at 
RA=00 h 50 m 46.267 s andDec=+23°00'40.87" (astrometry rel- 
ative to SDSS; §E3}, with a centroid uncertainty of 0.08". 
The offset between the galaxy centroid and the Chandra af- 
terglow position is 1.25" ± 0.20". Photometry of the galaxy 
is performed in a 2" radius aperture, with the zero-point de- 
termined by common sources with SDSS (griz) and 2MASS 
(JK S ). The resulting magnitudes are listed in Table [T] 

To determine the probability of chance coincidence for this 
galaxy rel ative to the aftergl ow p osition we ado pt the method- 
ology of lBloom et al.l (|2002|) and lB er gen (120 10). The expected 
number density of galaxies brighter than the apparent mag- 
nitude of the galaxy , m r = 23.6 mag, is (Hossetal. 1997; 
iBeckwith et al.ll2006h : 
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Fig. 4. — Optical and near-IR spectral energy distribution of the host galaxy 
of GRB 111117A (black), along with the Maraston ( 2005) evolutionary stel- 
lar population synthesis models. The best-fit model (red squares and line) has 
a photometric redshift of z ~ 1.3 and a stellar population age of r « 70 Myr 
(inset). 



<j(< m) = 



1 



0.33 x ln(10) 



12003b for data calibration and analysis. The effective band- 
width is about 1.5 GHz after excising edge channels and data 
affected by radio frequency interference. We re-fl agged and 
calibr ated our data after the initial quick reduction (Fon g et aTl 
1201 Id) and do not detect any significant emission in coinci- 
dence with the Chandra position to a 3a limit of 18 /iJy. 

3. RESULTS AND DISCUSSION 

3.1. Host galaxy properties 

To determine the photometric redshift and properties of the 
host galaxy we use our grizJK s band photometry. We model 
the ho st spectral energy distribution (SED) with the Maraston 
( 2005) evolutionary stellar population synthesis models, us- 
ing a Salpeter initial mass function, solar metallicity, and a red 
horizontal branch morphology, with the redshift (z) and stellar 
population age (r) as free parameters. The resulting best-fit 
model is shown in Figure |U along with the confidence regions 

~>+65 
J -40 



10 o.33(m r -24)-2.44 _ q QQ4 arcse cr 2 , for the redshift and age. We find that z = 1 .3^i and T = 7a 



and the probability of chance coincidence is therefore: 



P(< SR)=\ -e 



-7r(SR) 2 a(<m r ) , 



i 0.02. 



(1) 



(2) 



Given the low value of P(< SR) and the absence of other can- 
didate hosts in the vicinity of the afterglow position, we con- 
sider this galaxy to be the host of GRB 1 1 1 1 17 A. We note that 
with the XRT position alone, the probability of chance coin- 
cidence for this gal axy is much larger , P(< SR) ^0.17 (using 
SR « 3o- x ,xrt; see lBloom etaill2002l) . 

2.6. Radio Observations 

We observed the location of GRB 111117A wit h the Karl 
G. Jansky Very Large Array (Perl ey et"ail 1201 1 1) on 2011 
November 18.00 UT (St ~ 0.5 d) at a mean frequency of 5.8 
GHz with a total on- source integration time of 75 min. We 
used 3C48 and J0042+2320 for bandpass/flux and gain cal- 
ibration, respectively, and followed standard proce dures in 
the Astronomical Image Processing System (AIPS, Greisen 



Myr (x 2 = 1.2 for 3 d.o.f.); the results remain unchanged 
if we use a model with a metallicity of 0.5 Z . The in- 
ferred redshift i s consi stent with the independent estimate by 
Sakamoto et al.l (1201 2|) and is one of the highest for any short 
GRB to da te, either from spectroscopic or photometric mea- 
surements (iLevan et al.l l 2006a: de Usarte Postiso et al. 20061: 
Bergeretal. 2007; Graha m et al.l 120091: iLeibler & Bergerl 



but is in the range of expected redshifts for short GRB s 



with faint hosts (Berger et al. 2063). 

The inferred stellar population age is at the low end of 
the d istribution for short G RB hosts, for which (r) ~ 0.3 
Gyr (Leibler & Berger 2010). The inferred host galaxy stel- 
lar mass is M* « 4 x 10 9 M , about a factor of 3 times 
lower than the median for short GRB hosts, but this assumes 
a single stellar population. Contribution from an older stel- 
lar population could increase the total mass up to a maxi- 
mal value of « 7 x 10 10 M if we assume the presence of 
a ste llar population with th e age of the universe at z= 1.3 
(c.f jLeibler & Ber ger 2010). We note that the stellar popula- 
tion age and specific star formation rate are similar to those 
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TABLE 1 

GRB 1 1 1 1 17A Host Galaxy Optical and NIR Photometry 



Date 


At 


Telescope 


Instrument 


Filter 


Exposures 


#FWHM 


Host a 


Ax 


(UT) 


(d) 








(s) 


(arcsec) 


(AB mag) 


(AB mag) 


2011 Nov. 18.08 


0.57 


Magellan/Baade 


IMACS 


r 


4x300 


1.06 


23.72 ±0.11 


0.069 


2011 Nov. 28.13 


10.62 


MPG/ESO 


GROND 


8 


8x375 


1.07 


24.14±0.18 


0.120 


2011 Nov. 28.25 


10.74 


Gemini-North 


GMOS 


i 


10 x 180 


0.75 


23.66 ±0.08 


0.051 


2011 Nov. 28.27 


10.76 


Gemini-North 


GMOS 


z 


10 x 180 


0.83 


23.04 ±0.18 


0.038 


2011 Dec. 7.07 


19.56 


Magellan/Baade 


FourStar 


J 


15 x60 


0.78 


22.55 ±0.30 


0.027 


2011 Dec. 7.05 


19.54 


Magellan/Baade 


FourStar 


K s 


10x90 


0.68 


> 22.10 


0.011 



Note. — a These values have been corrected for Galactic extinction, A\ i Schlafry & Finkbein eii2Qllh . 

60 Myr and 



10 M yr 1 L*- 1 dBergeJ2009HLeibler & Bergen 1 



of long GRB host galaxies, for which (r) 
(SFR/L B ) 

Eoioh . 

From the observed g-band flux density, which samples the 
rest-frame UV lum inosity, we infer a star formation rate of 
SFR w 6 M yr 1 (lKennicuttlll998h . Th is is higher th an for 
most previous short GRB host galaxies (Berger 2009). The 
absolute 5-band magnitude is M B ~ -21.0 mag, correspond- 
ing to Lb ~ 0.6 L* in comparison to the DEEP2 luminosity 
function at z ~ 1.1 (Willmer et al. 2006); this value is typi- 
cal for short GRB hosts ([Berger 2009)). Combining the star 
formation rate and 5-band luminosity, we infer a specific star 
formation rate of SFR/Lg ^10 M yr -1 L^~ l . This is again at 
the upper end of the distribution for short GRB host galaxies 
(lBergeril2009l) . 

The host galaxy of GRB 1 1 1 1 17 A is overall similar to the 
host of short GRB 060801 (z = 1.130) in t erms of its star for- 
mation rate and stellar mass (Berger 2009). It provides addi- 
tional support to the conclusion that short GRB progenitors 
originate from diverse stellar populations. Under the assump- 
tion that the stellar population ages can b e used as a proxy 
for th e progenitor delay time distribution (Leibler & Berger 
120101) . events like GRB 1 1 1 1 17 A point to delay times as short 
as a few tens of Myr. In the context of NS-NS/NS-BH merg- 
ers, this is sug gestive of a subset of short-lived compact object 
binaries (e.g., Belczvnski & Kalogera 2001; Belczvnski et al. 
l2002h 

3.2. Offset 

The Chandra-derived projected angular offset of 1.25 =b 
0.20" corresponds to a projected physical offset of 5R = 
10.5 ± 1.7 kpc at z = 1.3. This is comparable to the median 
of fset of abou t 5 k pc for th e sample of short GRBs studied 
bv lFong etafl d2010b and lBerged fcOlOh : see Figure |5}. In- 
deed, as a subset, the two short bursts with precis e localiza- 
tions from Chandra alone (GRB 11 1020 A from iFong et al.1 
120121 and GRB 111117 A presented here) have similar off- 
sets to those inferred from optical afterglows. This suggests 
that optical afterglows do not produce an obvious bias against 
large offsets, as already demonstrated for the subset o f short 
GRBs that lack coincident host galaxies (Berge3 l2010|) . 

Different short GRB progenitor models predict distinct off- 
set distributions. NS-NS/NS-B H merger models predict a me- 
dian offset of about 5-10 kpc dBloom et al.ll 1 9991: iFryer et aTl 
119991: iBelczynski et al.l |2006|) for host galaxies with a mass 
comparable t o the Milky Way as found for short GRBs 
(Berger 2009). On the other hand, magnetar models are not 
expected to produc e a substantial fraction of short GRBs a t 
offsets of > 10 kpc dLevan et alJl2006bHMetzger et al.ll2008l) . 
Figure [5] shows that NS-NS binary models are in reasonable 
agreement with the observed distribution of physical offsets, 
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Fig. 5. — Cumulative distribution of pr ojected ph ysical offs ets for short 
GRBs with sub- arcsecond positions (red; [Fong et al. 2010; Berger! 120101; 
I Fong et al.l 12 012). including GRB111117A, and for long GRBs (black; 
Bloom et al. 2002). Also shown are population synthesis model predictions 
for N S-NS binaries dBloom et all 11999; Fryer et al. 1999; Belczvns kT et al.l 
2006). Arrows mark the offsets of the two short GRBs localize d by Chan- 
dra alo ne, GRB 1 1 1 1 17A from this work and GRB 1 1 1020 A from F ong et alJ 
(2012). These offsets are somewhat larger than the median short GRB offset 
of about 5 kpc. 

from both optical and Chandra positions. 

3.3. X-ray afterglow properties 

At z = 1 .3 the X-ray afterglow of GRB 1 1 1 1 17 A lies at the 
upper end of the short GRB luminosity distribution, with a 
typical power-law decay (Figure [6]). The total energy released 
in the 0.3- 10 keV energy band during the X-ray afterglow 
(80 s to 3 d) is £ x , iso = (1.1 ± 0.1) x 10 50 erg, typical for short 
GRBs (Figure [6] inset). This confirms previous findings that 
the X-ray afterglows of short GRBs are on average ~ 100 
times less energetic than those of long GRBs (Margutti et al. 
120121) . The corresponding energy radiated in the 0.3 - 30 keV 
rest frame banc0 is -E x iso ~ 1-5 x 10^ erg. In comparison 
to the isotropic 7-ray energy this indicates £ x ,iso ~ 0.03£ x i so , 
which is typical of short GRBj^l 

We combine this result with the inferred rest frame value of 
£ pk - 850 - 2300 keV to show that GRB 1 1 1 1 17 A is consis- 
tent with the recently-reported E x ^ so -E 7 ^ -£pk correlation 
for long and short GRBs, and resides in the region populated 

17 This value is obtained by extrapolating the spectral behavior in the 0.3- 
10 keV observer frame range (0.7-23 keV rest frame) to the 0.3-30 keV 
rest frame range. 

19 We assumed a high energy photon index /3 = -2.4 (see e.g. Kane ko et alj 
2006) to extrapolate the 23-2300 keV (rest-frame) spectrum to the 1 - 10 4 keV 
rest-frame range. 
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by sh ort GRBs and X-ray flashes (Figure H Margutti et al. 
2012). This provides additional support to the conclusions 
that: (i) this correlation can be used to divide "standard" long 
GRBs from short GRBs, peculiar GRBs, and X-ray flashes; 
and (ii) the physical origin of the correlation is related to a 
common feature of the different classes, possibly the proper- 
ties of the relativistic outflow (in particular the bul k Lorentz 
factor ; s ee [Be rnardini et al. 120121 for details; see iFan et al.l 
1201 2l and lDad o & Dar 2012 for alternative explanations). 

At 5t & 80 - 250 s we find evidence for an apparent flare 
superimposed on the smooth X-ray afterglow decay, with a 
significance of « 3a (Figure©. With a rest frame duration of 
At ^ 16 s and peak time of t p ^ ~ 70 s, the flare is consistent 
with t he At versus t v \ corre lation established by long GRB 
flares (IChincarini et al.l2 010) and shared by short GRBs flares 
(iMargutti et al.ll201 lb . Theflux contrast of the flare, AF/F « 
2, is also typical of flares in short GRBs (Figure [8}. Finally, 
the flare peak luminosity and integrated energy are L^ re « 

10 48 erg s -1 and & 1.6 x 10 49 erg, again typical of short 
GRB flares dMargutti et al.ll2011h . We note that the value of 
A^/^pk ~ 0.2 does not support an external shock ori gin, for 
which we exp ect At/t v ^> 1 (e.g., Zhang et al. 2006; but see 
iDerm er 2008). However, the flux contrast of AF/F « 2 is 
also at odds with th e expectation for ce ntral engine variability, 
with AF/F « 100 (lLazzati et alJl20TTh . 

3.4. Multi-wavelength Afterglow Modeling 

The detected X-ray afterglow, along with the upper limits 
in the optical and radio allow us to extract some of the ba- 
sic properties of GRB 1111 17 A We adopt the afterglow syn- 
chrotron model formulation of Granot & Sari (2002), which 
provides a mapping from the observed fluxes and break fre- 
quencies to the isotropic-equivalent kinetic energy (£ic,iso), 
circumburst density (no), the fractions of post-shock energy 
in radiating electrons (e e ) and magnetic fields (eg), and the 
electron power-law distribution index (p, with N(j) oc j~ p ). 
We consider the case of a constant density medium relevant 
for short GRBs. In the analysis below we adopt the best-fit 
redshift of z = 1.3. 

The X-ray temporal and s pectr al indices are a x = -1.21 ± 
0.05 and /3 X = -1.0 ± 0.2 (§E2). For the case of the syn- 
chrotron cooling break located redward of the X-ray band 
(v c < v x ), the resulting values of p are 2.28 ± 0.07 and 
2.0 ± 0.4 from ax and f3 x , respectively; for the opposite sce- 
nario (v c > vx) the resulting values of p are 2.61 ± 0.07 and 
3.0 ± 0.4. In both cases the values of p inferred from ax and 
Px are consistent, indicating that the X-ray data alone cannot 
distinguish the location of v c . 

The unabsorbed X-ray flux density at the time of the opti- 
cal non-detection (St ~ 0.55 d) is F Uj x ~ 4.4 nJy, compared 
to iv 5 opt i$ 0-23 /iJy. This leads to an observed spectral index 
of Pox ^ -0.63, consistent with the value of p « 2.28 for the 
case of v c < v x , if v c ~ v x (i.e., if the relevant spectral slope 
between the X-ray and optical bands is Pox = ~(p~ l)/2). 
On the other hand, if v c > v x we expect a spectral index of 
Pox = -(p-l)/2 « -0.80, which is much steeper than the ob- 
served value. With this spectral index we would expect the 
optical flux to be « 0.65 /iJy, or about 1.1 mag brighter than 
the observed limit. Thus, the X-ray /optical comparison either 
requires rest- frame extinction of A v ost > 0.5 mag or v c &v x . 
We note that for the Gal actic relations between Nh and Ay 
(Predehl & Schmitt 1995) the optical extinction would imply 
A/^° st > 10 21 cm -2 , consistent with the marginal detection in 



the XRT spectrum of (6.7 ± 3.0) x 10 21 cm" 2 . 

Under the assumption that v c < v x we can use the Chandra 
X-ray flux density, F v x ~ 0.42 nJy, to infer the value of the 
isotropic-equivalent kinetic energy: 

£K, 1S o^7.5xl0 50 erg, (3) 

where we have assumed e e = e# = 0. 1 ; we note that the depen- 
dence on eg is weak, £k,iso e^ 07 , while £ic,iso is inversely 
proportional to e e . The fiducial value of £ic,iso is lower than 
the isotropic-equivalent 7-ray energy, £ x i S o ~ 3.0 x 10 51 erg. 

We next use the upper bounds on the radio and optical flux 
densities to place constraints on the circumburst density and 
energy. For the radio upper limit we use the synchrotron flux 
density relevant for v a < ^ ra( j < v m \ 

^V,rad ~ 36/iJy^ /2 £^f so 51 < 18/iJy, (4) 

while for the optical upper limit we use the synchrotron flux 
density relevant for v m < v opt < v c \ 

F„, opt w 4.4 M Jy nf 4f 0>51 < 0.23 M Jy. (5) 

The resulting allowed phase- space of £ic,iso and no is shown 
in Figure [9] Using the value of £ic,iso inferred from the X-ray 
data (Equation 0, and the corresponding limits on no from 
the optical data (no < 0.006 cm -3 ) and radio data (no < 0.4 
cm -3 ), we find that the cooling frequency is located at v c > 
(0.15-8) x 10 17 Hz (i.e., > 0.06-3 keV) at St = 1000 s. Us- 
ing instead a value of eg = 0.01 the limits on the density are 
< 0.25 cm -3 (optical) and < 2 cm -3 (radio), and the cooling 
frequency is therefore v c > (0.9-7) x 10 17 Hz (i.e., > 0.4-3 
keV). Thus, the inferred location of v c is in the X-ray band, in 
agreement with our conclusion from the comparison of X-ray 
and optical flux densities. 

In the alternative scenario of v c > v x both the optical and X- 
ray bands probe the same portion of the synchrotron spectrum, 
v m < ^opt,x < v c , but this time with a value of p = 2.61. For 
the X-ray band, this gives the relation (for e e = e# = 0.1): 

F^x ~ 4.4nJy^ /2 4-4 so 51 « 0.42nJy, (6) 
while for the radio band (v a < < v m ) we find: 

iV,rad ~ 12 M J y^0 /2£: K!fso,51 - 18/iJy. (7) 

The resulting allowed regions of ^K,iso phase-space are 
shown in Figure [9] Assuming that £ic,iso = £7^0 = 3.0 x 10 51 
erg, the X-ray flux density corresponds to no ~ 3 x 10~ 4 cm -3 ; 
for cb = 0.01 the density is insteacH ~ 0.02 cm -3 , while for 
€b = 0.001 the density is « 1.2 cm -3 . With these values we 
indeed find that i/ c >4x 10 18 Hz (> 16 keV) at St = 1000 s, 
consistent with the assumption that v c > v x . 

To conclude, with the assumption that v c < v x we find that 
£k, 1S0 « 7.5 x 10 50 erg, and n < 0.01 cm" 3 (e B = OA) or < 0.2 
cm -3 (ce = 0.01). The resulting location of the cooling break 
indicates that v c ~ v x , marginally consistent with the inher- 
ent assumption. On the other hand, if v c > v x , then the as- 
sumption of ^K,iso ~ ^7,iso indicates that no « 3 x 10~ 4 - 1 
cm -3 (for cb = 0.001-0.1). However, this also requires host 

21 We can rule out e e = eg = 0.01 or e e = 0.1 and eg < 0.001 since in these 
cases the upper limit on the density from the radio data is lower than the 
density inferred from the X-ray detections. 
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galaxy extinction with Ay ost > 0.5 mag. In both cases the in- 
ferred density is consistent with the NS-NS/NS-BH merger 
scena rio, for which the expected densities are np ~ 10 ~ 6 - 1 
cm -3 (iPerna & Belczvnskill2002l:lBelczvnski et al.ll2006l) . 

Finally, the non-detection of a break in the X-ray light curve 
to 5t & 3 d allows us to place a lower limit on the opening 
angle o f the outflow fro m GRB 1111 17 A. Using the formula- 
tion of (Frail et al. 20010 we find that for £^K,iso = ^7,iso and 
«o~3x 1 -4 — 1 cm -3 , the resulting lower limit is 9j > 3- 10°. 
This range indicates a beaming correction as low as « 70 and 
as high as about 600. 

4. SUMMARY AND CONCLUSIONS 

We presented multi-wavelength observations of the after- 
glow of short GRB 111117 A, along with optical and near-IR 
follow-up observations of its host galaxy. These observations 
provide critical insight into the nature of GRB 1111 17 A: 



• The X-ray afterglow properties are typical of short 
GRBs with long-lasting X-ray emission. In particular, 
with £ x?iso « 1.5 x 10 50 erg, £ 7 ,i S0 ~3x 10 51 erg, and 
£ pk w 850- 2300 keV, GRB 11 11 17 A is consistent with 
the three- parameter universal GR B scaling recently re- 
ported by Margu ttTet al.l (120 12b . The X-ray to 7-ray 
energy ratio for GRB 1 1 1 1 17 A is e « 0.03, as typically 
found for short GRBs. 



• We find evidence (statistical significance of ~ 3 a) for 
an early flare superimposed on the X-ray afterglow de- 
cay with properties that are reminiscent of X-ray flare 
cand idates detected in other short GRBs (Mar gutti et al.l 
1201 lb . The origin of X-ray flares appears to be inde- 
pendent of the large scale environment since they are 
detected from short GRBs in both early- and late-type 
galaxies. 



• Using a Chandra observation we accurately pinpoint 
the location of the afterglow to the outskirts of a galaxy 
at a photometric redshift of z ~ 1.3, one of the highest 
for any short GRB to date. The projected physical offset 
is about 10.5 kpc , reminiscent of previous short GRBs 
(iFong et al.H201Ql: lBergerll2Q10h . Along with the previ- 
ous burst detecte d by Chandra alone (GRB 11 1020 A; 
IFong et al.lf2Q12h we find that short GRBs localized by 
optical and X-ray afterglows appear to have similar off- 
sets. 

• The host galaxy of GRB 111117 A exhibits vigorous 
star formation activity and a young stellar population 
age that are at the upper bound of the distribution fo r 
short GRB hosts <BergeJ2009HLeibler & Bergerl2010l) . 

In this calculation the observer is assumed to be on-axis. 



• Using the X-ray light curve, and deep upper limits in 
the optical and radio bands we find that if v c > v x then 

n /2 E^ so 5l « 0.1 - 6 (for e e = 0.1 and e B = 0.001-0.1). 
For the specific case of £ic,iso = £7^0 ~ 3.0 x 10 51 
erg, this leads to a density of no « 3 x 10~ 4 - 1 cm -3 ; 
larger densities are ruled out independently by the ra- 
dio limit, which leads to nl/ 2 E^ so51 < 0.7-3 (for 
e e = 0.1 and e# = 0. 00 1-0.1). However, this scenario 
requires substantial rest- frame extinction of Ay ost > 0.5 
mag to explain the optical non-detection. In the alter- 
native scenario of v c < v x we find that £ic,iso ~ 7.5 x 
10 50 (e g /0.1) _1 erg and n < 0.1 cm" 3 . 

• The lack of a clear break in the X-ray light curve at < 3 
d, points to an opening angle of Oj > 3 - 10°, with the 
exact lower limit depending on the circumburst density. 
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The results of this work highlight the importance of Chan- 
dra for the determination of short GRB sub-arcsecond posi- 
tions, especially in the absence of optical detections. This 
is critical for locating short GRBs within their host envi- 
ronments, particularly in comparison to Swift/XKT position, 
which are generally much larger than the host galaxy sizes. 
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